
Introduction

We previously found, by using a transwell co-culture
system, that neurons and astrocytes have synergis-
tic effects on reduction of brain capillary endothelial
cell permeability to radioactive sucrose, used as a
marker of paracellular flux [1–5].

A further point was that in the three-cell type sys-
tem of culture, neurons, astrocytes and endothelial
cells were not in physical contact. Therefore, the
effects discovered should be due, at least in part, to
molecular mechanisms not based on cell–cell con-
tacts. As independent experiments showed that
transformed glial cells (oligodendroglioma cells) are
able to shed membrane vesicles [6], we wondered 

whether extracellular vesicles could be also the way
adopted by neurons (this paper) and/or astrocytes
(manuscript in preparation) to address inductive sig-
nals to endothelial cells.

Many eukaryotic cell types have been indeed
shown to release into the extracellular environment
vesicles of different sizes and composition which
have been differently defined [for recent reviews, see:
7–9]. The first population of exovesiscles to be
described seemed to originate from the cell plasma
membrane through a mechanism similar to virus
budding [10]. By electron microscopic analyses, vesi-
cles shed by circulating human lymphocytes [10] and
by in vitro cultured human breast carcinoma cells [11]
were found to be large and heterogeneous in size
(100–1000 nm). Extracellular vesicles of this kind,
called microvesicles (MVs), are released by several
kinds of viable cells through an active process that
require RNA and protein synthesis [10, 12] and seem
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to originate from domains of the plasma membrane
selectively enriched in specific membrane compo-
nents, such as �1 integrin and membrane-bound
gelatinase B/MMP-9 [see, e.g. 13]. Other vesicles,
known as exosomes, are smaller (30–90 nm) and
seem to originate from the endosomal system by
exocytosis of cell structures, called multivesicular
bodies [MVBs; 14, 15]; exosomes are released by
most cells of the haemopoietic lineage and contain
several cytosolic proteins (including heterotrimeric G
protein Gi2�, annexin II and heat shock cognate pro-
tein Hsc73), as well as different integral and periph-
eral membrane proteins [15]. Both MVs and exo-
somes are involved in cell-to-cell communications.
The phenomenon of shedding was first demonstrat-
ed in tumour cells, where shedding was related to the
invasive potential of the tumour [16–19]. The pres-
ence in shed vesicles of numerous extracellular
matrix (ECM)-degrading proteolytic enzymes can
also have an effect on angiogenesis [20]. However,
vesicles promote angiogenesis [21, 22] also because
they vehicle numerous pro-angiogenic signalling
molecules. For example, fibroblast growth factor 2
(FGF-2) was demonstrated to be externalized from
the cells as a component of shed membrane vesicles
[12]; and vascular endothelial growth factor (VEGF),
perhaps the most effective angiogenic factor known at
present, also appears to be present in vesicles [23].

FGF-2, also known as basic FGF, is a non-glyco-
sylated 18 kD polypeptide with very high affinity for
heparin, that is secreted in spite of lacking a conven-
tional secretory peptide and being independent of
the classical endoplasmic reticulum-Golgi pathway
[12]. It is a potent inducer of blood vessel formation,
involved in the pathogenesis of several diseases
characterized by abnormal neovascularization [24]
and in a cancer [25, 26], as well as in development
and differentiation of various tissues [27, 28], includ-
ing the nervous system [28]. In addition to the 18-
kD peptide, larger isoforms of FGF-2, ranging in 
size from 22 to 34 kD, and with different sub-cellu-
lar localization have been described [28]. While the
18-kD isoform is cytoplasmic and secreted, the 
larger isoforms, that derive from unusual translation
initiation at CUG codons, have been reported to be
predominantly intracellular and, in particular, 
nuclear [28].

Like FGF-2, VEGF, also known as vascular per-
meability factor (VPF), is a potent mitogen of

endothelial cells, involved both in pathological angio-
genic processes and in the embryonic development
and differentiation of the vascular system [29]. VEGF
expression is regulated not only at the transcription-
al level but also at a post-transcriptional level, by
alternative splicing, which generates in human
beings 5 isoforms (of 121, 145, 165, 189 and 206
residues, respectively). The major isoform is
VEGF165, a basic, heparin-binding glycoprotein,
existing as a homodimer of 45 kD. It has been report-
ed that VEGF121 is a freely soluble protein, while
VEGF165, even if also secreted, tends to remain
“bound” to the ECM [for review, see 29]. Interestingly,
VEGF189 and VEGF206 seem to be almost com-
pletely sequestered in the ECM [30]. In addition to
these shorter isoforms, a further high molecular
weight isoform (large VEGF), containing an N-termi-
nal extension of about 200 residues and with a
monomeric mass of about 45 kD, has been demon-
strated in human beings and mouse [31, 32]. This
isoform is generated by an unusual translation initia-
tion process, which, like in the case of FGF-2 larger
isoforms, occurs at one of four potential CUG trans-
lation initiation codons, positioned in between two
ribosome internal entry sites (IRES), and in frame
with the classical AUG start codon [31, 32].
Complexity of this family of growth factors is further
increased by proteolitic cleavage of the longer iso-
form into N-terminal and C-terminal fragments [31,
32] and glycosylation [31, 33].

Several lines of evidence indicate that VEGF influ-
ences early stages of vascularization of the develop-
ing brain and that VEGF inactivation in the nervous
system results in abnormalities of vessel density and
cell number in the cerebral cortex. Moreover, it was
reported that reduced levels of VEGF caused ALS-
like motoneuron degeneration in mice [reviewed in
34]. This latter finding suggested that, in addition to
its specific angiogenic action, VEGF might also have
neuroprotective functions.

FGF-2 was also demonstrated to play a role in hip-
pocampal neurogenesis [35] and to have neurotroph-
ic functions both in vitro and in vivo [see, e.g. 36–38].
Interestingly, there are also evidence of a cross-talk
between FGF-2 and different members of the VEGF
family during angiogenesis and vasculogenesis [39].

In this paper, we report that neurons synthesize
growth factors FGF-2 and VEGF and release them at
least in part via extracellular vesicles.
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Materials and methods

Animals 

Wistar rats (Stefano Morini, San Polo d’Enza, Italy) were
housed in the institutional animal care facility of the
Department of “Biologia Cellulare e Sviluppo,” (University
of Palermo, Palermo, Italy), under direction of a licensed
veterinary who approved protocols. Procedures involving
animals were conducted according to the European
Community Council Directive 86/609, OJL 358 1,
December 12, 1987. The number of animals used has
been minimized as well as their suffering.

Cell cultures 

Neurons were purified from fetal rat cortices at the 16th day
of gestation and cultured in serum-free Maat medium (MM)
[40], on laminin (2.5 µg/cm2), as already described [41]. In
order to induce cell death, some neuronal cultures were
incubated for 24 hrs with camptothecin (Sigma-Aldrich, MO,
USA), at a final concentration of 10 µM [42]. Cell apoptosis
was observed by staining the cells with a combination of
the fluorescent DNA-binding dyes, acridine orange (AO)
and ethidium bromide (EB), 100 µg/ml in PBS, as previous-
ly described [6]. The differential uptake of these two dyes
allowed the identification of viable and non-viable cells by
fluorescence microscopy: normal nuclei in alive cells
should appear bright green, while apoptotic nuclei in dead
cells should appear bright orange/red. In many cases,
nuclei of dead cells are fragmented into apoptotic bodies.

Methionine 
35

S labelling of neurons

Neurons, previously cultured for 15 days in Maat medium
(MM), were fed with methionine-free MM containing 0.4 µl
of 35S-methionine (10 µCi/µl)/ml of medium for 24 hrs. At
the end of treatment, the 35S-methionine-containing medi-
um was washed away and neurons were cultured for 24 or
48 hrs in unlabelled MM. Conditioned medium was finally
collected and centrifuged to obtain labelled vesicles. When
the last conditioned medium was collected, cells were also
lysed to obtain total labelled cell proteins.

Vesicle purification from 

conditioned medium 

Vesicles were purified from conditioned media as
described elsewhere [11]. Briefly, media conditioned for

3–24 hrs by neurons were centrifuged at 2,000 x g for 10 min
and 4,000 x g for 15 min.The first centrifugation step allows
pelletting a few entire cells, still present in the medium; the
second centrifugation step also removes big cell fragments
and nuclei deriving from broken cells. The supernatant was
finally centrifuged at 105,000 x g for 90 min. Pelleted vesi-
cles were resuspended in PBS.

Western analyses 

Neurons were homogenized in homogenization buffer
(0.32 M sucrose; 50 mM sodium phosphate buffer, pH 6.5;
50 mM KCl, 0.5 mM spermine; 0.15 mM spermidine; 2 mM
EDTA, and 0.15 mM EGTA), containing the protease
inhibitors aprotinin (2 �g/ml), antipain (2 �g/ml), leupeptin
(2 �g/ml), pepstatin A (2 �g/ml), benzamidine (1.0 mM)
and phenylmethylsulfonyl fluoride (1.0 mM), all purchased
from Sigma-Aldrich. Proteins (20 �g of total cell extracts)
were separated by electrophoresis on denaturing 10%
polyacrylamide slab gels (SDS-PAGE) and immunoblotted
as described elsewhere [1]. Immunostaining of membranes
was done with rabbit polyclonal anti-human VEGF165 anti-
bodies (Calbiochem, Darmstadt, Germany) that recognize
all the known VEGF isoforms, and mouse monoclonal anti-
bovine purified FGF-2 antobodies (Upstate, Charlottesville,
VA, USA) that recognize all the known isoforms of FGF-2.

Scanner electron microscopy (SEM)

Neurons were cultured on coverslips for 15 days. Cells
were rinsed with PBS at 37°C and fixed with 4% glutaralde-
hyde in MM for 10 min. After rinsing with MM, cells were
dehydrated by a series of washes in aceton/water at
increasing percentage of aceton (15%, 30%, 50% 75% and
100%; 3 min each). Coverslips were finally dried in air,
coated with gold and observed by a Philips 505 scanner
electron microscope.

Immunofluorescence 

Neurons were cultured on coverslips for 15 days. Cells
were fixed with 96% ethanol, on ice, for 10 min and perme-
abilized for 5 min with 0.1% Triton X-100, in PBS. Cells
were finally incubated with rabbit polyclonal anti-human
VEGF165 antibodies (Calbiochem) that recognize all the
known VEGF isoforms, mouse monoclonal anti-bovine
purified FGF-2 antobodies (Upstate) that recognize all the
known isoforms of FGF-2, and goat anti-integrin �-1 (Santa
Cruz, CA, USA). In some control experiments, we also
used mouse monoclonal anti-neurofilament 68 (NF68)-
(Sigma-Aldrich), policlonal rabbit anti-glial fibrillary acidic
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protein (GFAP)- (Sigma-Aldrich), and mouse monoclonal
anti-microtubule accociated protein (MAP)-2 (Sigma-
Aldrich) primary antibodies. The secondary antibodies
were anti-rabbit-, anti-goat- or antimouse-IgGs, conjugated
to rodhamine or to fluoresceine (Promega Corporation, WI,
USA). Cells were observed in an Olympus fluoview FV300
confocal microscope, equipped with two laser multipliers. In
some cases, cells prepared as described, were finally
stained for DNA by treating with Vectashield mounting
medium for fluorescence, containing 4�-,6-diamino-2-
phenylindole (DAPI; Vector Laboratories, Youngstown, 
OH, USA) and observed in an Olympus BX-50 micro-
scope (Olympus Italia s.r.l., Segrate, Italy) equipped with
Vario Cam B/W camera (Nikon Instruments s.p.a.,
Calenzano, Italy).

Results

We previously found that, in a three-cell type system
of culture, containing neurons, astrocytes and
endothelial cells, both neurons and astrocytes influ-
ence the ability of endothelial cells to form a barrier
with properties resembling those of BBB [3, 4]. As in
that system cells were not in physical contact, we
deduced that the effects discovered should be due,
at least in part, to molecular mechanisms not based
on cell-to-cell contacts. Moreover, independent
experiments showed that oligodendroglioma cells
shed membrane vesicles [6]. Thus, we asked
whether extracellular vesicles could be also pro-
duced by neurons to address inductive signals to
endothelial cells. A further question was which kind
of signals neurons deliver to them. As two of the
major factors acting on endothelial cells (i.e. FGF-2
and VEGF) have been reported to be released
through extracellular vesicles in other cell systems,
we looked for the possible existence of extracellular
structures, produced by neurons, carrying the two
factors. As shown in Fig. 1A, there is evidence that
neuronal cultures contain vesicular structures with
sizes ranging from 400 to even 2000 nm. Most of
these vesicles are in the range of size (100–1000 nm)
already reported for the extracellular structures pro-
duced by several kinds of viable cells [10–12] and
called MVs. As some of the structures observed are
very large, we also looked for the presence of whole
nuclei or nuclei fragments in them. We found that
only intact nuclei, but not the putative MVs, were
stained by DAPI (Fig. 1Ab).

We then purified the vesicular fraction (Fig. 1B)
from the medium conditioned by neurons, according
to the protocol used by Dolo et al. (1994) for vesicles
released by tumour cells. This fraction, together with
total neuronal lysates, was analyzed by Western blot.
One example of this analysis is reported in Fig. 1C,
which shows that bands of the expected range of
size for both VEGF- (Ca: arrowheads) and FGF-2-
isoforms (Cb: arrows) are present both in cell lysates
and vesicles. Interestingly, the patterns of proteins
are not exactly identical when cell lysates and vesi-
cles are compared. In more detail, among the main
bands immunostained by anti-VEGF antibodies, two
bands of about 21 and 26 kD, respectively, together
with one of about 50 kD, are more concentrated in
vesicles (lane 2) than in lysates (lane 1), while, on
the contrary, a protein with apparent mass of 42 kD
is more concentrated in total cell lysates (lane 1) than
in vesicles (lane 2). On the other hand, anti-FGF-2
antibodies recognize three main proteins, with appar-
ent masses of about 18, 22 and 32 kD. Among these
proteins, two (18 kD and 32 kD) are apparently pres-
ent only in vesicles (lane 2), while one (22 kD) is
present both in cell lysates and vesicles. In order to
investigate the fate of vesicle proteins from biosyn-
thesis to appearance in vesicles, neurons at the 15th

day of culture were also metabolically labelled with
35S-methionine. After labelling for 24 hrs, the 35S-
methionine-containing medium was washed away
and neurons were cultured for further 24 or 48 hrs, in
unlabelled complete Maat Medium. Conditioned
medium was finally collected and centrifuged to
obtain labelled vesicles. When the last conditioned
medium was collected, cells were also lysed to
obtain in parallel total labelled cell proteins. As we did
not find any difference in the pattern of radioactive
proteins, either in cell lysates or in vesicles, at the dif-
ferent times at which media had been collected, only
radioactive proteins recovered 48 hrs after incubation
with 35S-methionine are shown (Fig. 1Cc). Interestingly,
at least one of the putative VEGF- (arrowhead) and
one of the putative FGF-2- (arrow) isoforms, respec-
tively, seem to be radioactive (Fig 1Cc).

The fact that neurons produce structures resembling
MVs has been also confirmed by scanner electron
microscopy (Fig. 2). As shown in Fig. 2B, some of these
structures are very large, around 2000 nm (see below).

MVs have been reported to originate from
domains of the plasma membrane selectively
enriched in specific membrane components, such as
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�1 integrin and membrane-bound gelatinase
B/MMP-9 [13]. Therefore we investigated, by double
immunofluorescence and confocal microscopy, the
possible colocalization of both FGF-2 and VEGF with
�1 integrin. The results confirmed, first of all, that
neurons produce both FGF-2 and VEGF. As shown in
Fig. 3, indeed, neurons were immunostained by both
anti-FGF-2 antibodies (b, b*) and anti-VEGF antibod-
ies (e, e*). Second, we found that both molecules are
at least in part present in round extracellular struc-
tures, emanating from neurons, also stained by anti-
�1 integrin antibodies (a, a*; d, d*). The sizes of the
extracellular structures, visible in Fig. 3, are compa-
rable with the sizes of those visible in Figs. 1 and 2.

We noticed in some cases a tendency of vesicles to
cluster around neurites (see, e.g. Fig. 3f*, structures
indicated by arrows).

As we know that neuronal cultures are contaminat-
ed by some rare astrocytes (Fig. 4), we also looked by
immunofluorescence at colocalization in the same
cell of different neuron-specific cytoskeletal proteins
(such as NF68 and microtubule-associated protein 2,
MAP2) and either FGF-2- or VEGF- immunoreactivi-
ty. One example of this kind of analysis was reported
in Fig. 5, that shows neurons immunostained for both
MAP2 (A: red fluorescence) and VEGF (B: green flu-
orescence). Extracellular vesicles are clearly seen,
attached to MAP2-positive cells.

J. Cell. Mol. Med. Vol 11, No 6, 2007

Fig. 1 Neurons cultured for 15 days in
serum-free Maat Medium release extra-
cellular vesicles that contain both VEGF
and FGF-2. A(a): Typical neuronal cul-
ture, observed in bright field, showing
many extracellular vesicles of different
sizes, some of which are indicated by
arrows for reference; A(b) immunofluo-
rescent staining of nuclei with DAPI;
same field as in A(a). B: Schematic
drawing of the protocol used to prepare
an extracellular vesicle fraction (accord-
ing to Dolo et al., 1994). C: Western
analysis of total cell lysates (lane 1) and
vesicles (lane 2) prepared, as outlined in
B, from neurons cultured for 15 days in
Maat medium and then labelled with
35S-methionine for 24 hrs. Proteins 
were immunostained with either rabbit
polyclonal anti-human VEGF antibodies
(a) or mouse monoclonal anti-FGF-2
(b). After electrophoresis and western
blot, the same membranes were also
exposed to X-ray sensitive films for 3–5
days: an example of the radioactive pro-
tein pattern, 48 hrs after metabolic
labelling and medium replacement, is
shown in (c). Arrowheads in (a) and
arrows in (b) indicate VEGF isoforms
and FGF-2 isoforms, respectively. The
arrow in (c) indicates the only band that
could be interpreted as an FGF-2 iso-
form. The arrowhead in (c) indicates the
only band that should represent a
radioactive VEGF isoform.
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Finally, as neurons in our cell culture system are
post-mitotic and are fed with a serum-free medium,
the possibility existed that vesicle production was the
effect of cell death. This possibility was also suggest-
ed by the large size of vesicles. In order to compare
vesicles produced by vital cells with vesicular struc-
tures (such as apoptotic bodies), produced by dying
cells, we treated neurons with campothecin, an S-
phase-specific topoisomerase I inhibitor that has
been shown to induce significant, dose-dependent
cell death of post-mitotic rat cortical neurons in vitro
[42]. Camptothecin-induced neuronal death was
already shown to be apoptotic, as characterized by
chromatin condensation, cytoplasmic shrinking,
plasma membrane blebbing, and fragmentation of
neurites [42]. Camptothecin induced massive cell
death also in our cell culture system (Fig. 6): in most
fields, neurons were fragmented into putative apop-
totic bodies (indicated by arrows in Fig. 6B and D).
These cell fragments appeared orange/red when
cells were stained with a mixture of the fluorescent
DNA-binding dyes AO and EO (Fig. 6B). On the con-
trary, nuclei of control neurons (Fig. 6A) appeared
intact and bright green (as expected for alive cells).
More important, vesicular structures deriving from
cell death were also stained by DAPI (Fig. 6D: struc-
tures indicated by arrows), while the putative extra-
cellular vesicles identified by us in normal cultures
were not stained (Figs 1A and 6C).

Discussion

Many independent lines of evidence suggest that
shedding of extracellular vesicles is a general route,
largely adopted to mediate cell-to-cell communica-
tions [7–9]. Although the biochemical mechanisms
underlying the phenomenon are largely unknown,
some proteins, among which �1 integrin, have been
consistently localized to extracellular vesicles [13].
Moreover, it has been suggested that extracellular
vesicles can mediate secretion of proteins that lack a
standard signal sequence and cannot be sorted to
the endoplamic reticulum. One of the secreted fac-
tors that lack a signal sequence is FGF-2, which has
been reported to be included into extracellular vesi-
cles shed by tumour cells [12].

We previously reported that RBE4.B brain capil-
lary endothelial cells, cultured on collagen IV, form a
barrier with BBB permeability properties, if co-cul-

tured with astrocytes and/or neurons [2–4]. In the co-
culture systems, neurons, astrocytes and endothelial
cells were not in physical contact. Therefore, we
assumed that the effects discovered were due, at
least in part, to molecular mechanisms not based on
cell–cell contacts.

All of these considerations prompted us to investi-
gate: (i ) the possibility that neurons produce extra-
cellular factors responsible for addressing signals to
endothelial cells; (ii ) the putative presence, among
these factors, of angiogenic proteins, such as FGF-2
and VEGF and (iii ) possible release of these factors
through extracellular vesicles. The study described in
this paper demonstrates by different techniques that
neurons do shed extracellular vesicles of different
sizes, from about 400 nm to over 2000 nm. Because
of their dimensions, but also because they contain �1
integrin, these structures should be ranked as MVs.

Fig. 2 Analysis by scanner electron microscopy of 
neuronal cultures. Cells produce and release extracellular
vesicular structures (indicated by arrows). A detail 
(in the white box) of part A was observed at higher 
magnification (B).
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Their very large size, however, induced us to investi-
gate possible relationships between these structures
and structures arising from dead cell fragmentation
(e.g. apoptotic bodies). In order to directly compare
extracellular vesicles and dead cell fragments, we
treated neurons with campothecin, a topisomerase I
inhibitor already known to induce apoptosis in post-
mitotic rat cortical neurons in culture [42]. We then
looked by immunofluorescence at both morphologi-
cal integrity of cell structures (first of all, nuclei and
neurites) and the availability of nuclear DNA to be
stained by different dyes. We did not find any evi-
dence of DNA presence in extracellular vesicles
observed in control cultures, not treated with camp-
tothecin. Moreover, these cells appeared quite intact,
with unfragmented nuclei and intricate branches of
neurites. Extracellular vesicles shed from these well-
shaped, alive cells, were not found to be stained by

Fig. 3 Colocalization of either FGF-2 or VEGF with �1 integrin in extracellular vesicles. Double immunofluorescence was
used to co-localize either FGF-2 (b, b*: red) or VEGF (e, e*: red) and �1-integrin (a, a*; d, d*: green) immunoreactivity
in neurons cultured for 15 days in Maat Medium. Overlay of FGF-2 and b1-integrin fluorescence is shown in c and c*.
Overlay of VEGF and �1-integrin fluorescence is shown in f and f*. a*–f*, enlarged views of the fields boxed in the fig-
ures a–f. Cells were observed in an Olympus fluoview FV300 confocal microscope, equipped with two laser multipliers.

Fig. 4 Different localization of the astrocyte-specific glial fib-
rillary acidic protein (GFAP, red fluorescence), and neuron-
specific neurofilament protein, 68-kD component (NF68,
green fluorescence), in cultures of rat cortical neurons.
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Fig. 5 Localization of
MAP-2 (A: red) and
VEGF (B: green)
immunoreactivity in neu-
rons cultured for 15 days
in Maat Medium.
Extracellular vesicles are
indicated by arrows. Cells
were observed in an
Olympus BX-50 micro-
scope, equipped with
Vario Cam B/W camera.

Fig. 6 Control- (A and C) and camptothecin-treated (B and D) neurons cultured in Maat Medium for 15 days. Cells were
incubated for 24 hrs with 10-mM camptothecin. As camptothecin was dissolved in dimethyl sulfoxide (DMSO), control
cells were treated for 24 hrs with an equivalent amount of DMSO alone. A, B: Control cells (A) and cells treated with
camptothecin (B), stained with a combination of the fluorescent DNA-binding dyes acridine orange and ethidium bro-
mide, 100 mg each/ml in PBS. C, D: Control cells (C) and cells treated with campthothecin (D), immunostained with anti-
MAP2- (green fluorescence) and anti-FGF-2 antibodies (red fluorescence). In addition, all cells were also stained with
DAPI. The figure shows the overlay of the three fluorescences. Putative apoptotic bodies in treated cells are indicated
by arrows, while putative extracellular vesicles in untreated cells are indicated by an asterisk. Cells were observed in an
Olympus BX-50 microscope, equipped with Vario Cam B/W camera.
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DAPI (Fig. 1). On the contrary, apoptotic and possibly
necrotic cells entirely dissolve into structures that are
stained by DAPI. In other words, in this case, there is
no evidence of extracellular structures pinching off
from otherwise intact cells. These findings corrobo-
rate the idea that the phenomenon of shedding asso-
ciates with viable cells, in accord with previous
reports demonstrating that cells are more active in
producing extracellular vesicles when they are fed
with serum-rich media [7].

We also demonstrate that the extracellular vesicles
shed by neurons contain proteins of different sizes
which react with either anti-VEGF- or anti- FGF-2-
antibodies. Unfortunately, most commercially avail-
able antibodies are rinsed against portions of the two
growth factors that are present in all the putative iso-
forms of them; this fact, together with the generally
low concentration of the factors and their great vari-
ability, results in a complex pattern in the western
analyses. Importantly, however, even if some bands of
unknown origin are present, the main observable
bands show apparent molecular masses compatible
with those of VEGF and FGF-2, respectively.
Moreover, some of these isoforms are clearly
enriched in vesicles respect to cell lysates; curiously,
we found in vesicles not only isoforms, such as the 
18 kD FGF-2, normally secreted [30] but also iso-
forms that have been reported to be retained in the cells.

Vesicles released by neurons could interact and/or
fuse with other vesicles and/or dock to specific com-
ponents of ECM, thus releasing the factors to target
cells only slowly. Actually, the fate of vesicles in the
extracellular environment is not yet clear: they might
fuse with target cells, thus directly delivering their
contents into the cells or, alternatively, bind to specif-
ic membrane receptors or co-receptors, thus eliciting
a signal transduction pathway. In any case, tendency
of neurons to release extracellular vesicles add new
strategies to their communication skills. One could
indeed suppose that, beside influencing target cells
through traditional transmission by neurotransmitters
and neuromodulators at the level of synapses, neu-
rons can also modulate their own survival and func-
tioning by releasing growth factors, that can either
directly act on neurons themselves or influence dif-
ferentiation and functioning of other cell types, first of
all astrocytes and endothelial cells. Shedding of
growth factor-containing extracellular vesicles might
allow protection of the factors in the ECM and/or their
modulated release to target cells. In contrast with tra-

ditional localized neurotransmission, in the course of
our analyses, we observed vesicles pinching off from
different sites of neurons, from the cell body to differ-
ent levels of neurites. It is important to underline that
neurons analyzed in this paper are fetal and it cannot
be excluded at the moment that their ability to shed
extracellular vesicles is bound to their developmental
stage. In the future, it will be of great interest to inves-
tigate the phenomenon in vivo both in developing
and in mature brain, under physiological as well as
pathological conditions, such as those that normally
involve BBB modifications and neurodegeneration. In
order to face these more complex problems, we think
that the first step is to understand the fate of secret-
ed VEGF and FGF-2 when vesicles shed by neurons
are added to other cell cultures: neurons themselves,
astrocytes and/or endothelial cells. An important sec-
ond step will be to study the effect of extracellular
vesicles released by neurons in a model of blood-
brain barrier.
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